The stability of the operation of a tailing dam is affected by reservoir water level, phreatic line, and mechanical parameters of tailings. The values of these factors are not a definite value in different situations. Meanwhile, the existence of the phreatic line makes it a more complex issue to analyze the stability of the tailing dam. Additionally, it is very hard to give a definite limit to the state of tailing dam from security to failure. To consider the uncertainty when calculating the stability of the tailing dams, interval values are used to indicate the physical and mechanical parameters of tailings. An interval nonprobabilistic reliability model of the tailing dam, which can be used when the data is scarce, is developed to evaluate the stability of the tailing dam. The interval nonprobabilistic reliability analysis model of tailing dam is established in two cases, including with and without considering phreatic line conditions. The proposed model was applied to analyze the stability of two tailing dams in China and the calculation results of the interval nonprobabilistic reliability are found to be in agreement with actual situations. Thus, the interval nonprobabilistic reliability is a beneficial complement to the traditional analysis method of random reliability.
Introduction
Tailing dam failure is a type of major hazard source in China. The damage of the tailing dam failure is much worse than that of an ordinary dam, and meanwhile, it causes serious environment pollution. The stability of a tailing dam is the main measure indicator of the safety of tailing pond. The failure of a tailing dam not only will seriously affect the normal production of the mine, but also will cause serious damage to the local industrial and agricultural production and property of the people living downstream.
The study of tailing dams is similar to that of slopes. Through the introduction and intersection of some new disciplines and theories, some new methods of slope stability analysis, such as reliability analysis based on the probability theory and mathematical statistics [1, 2] , the comprehensive evaluation method based on the fuzzy/statistical mathematics [3] [4] [5] [6] , the gray system evaluation method based on the gray system theory [7] [8] [9] [10] [11] , and the neural network evaluation method based on the neural network theory [12] [13] [14] [15] [16] , are gradually formed. These evaluation methods have achieved good application in slope stability analysis and evaluation and promoted the development of slope stability research.
In the evaluation of the stability of tailing dams, the currently used evaluation methods are mainly from the evaluation methods of traditional slope stability analysis. There are many ways to determine the slope stability level, but the evaluation results of traditional methods using single index or few indexes, with great limitations and one-sidedness, are sometimes contradictory and difficult to choose. The comprehensive evaluation method using multi-index developed in recent years has been proved to be an effective way to improve the accuracy of evaluation. The rock mass of tailing dam is a complex geological media, with complex and changing mechanical parameters, distributions of structural planes, engineering properties, and strong uncertainty. The existence of these uncertainties brings great difficulties to the stability analysis of tailing dams. Although a lot of methods have been developed, the difficulty of stability evaluation of the tailing dam lies in the uncertainty of many factors, how to take this uncertain information into account when analyzing stability of the tailing dams is an important issue worthy of 2 Geofluids studying. The unascertained theory provides a better way in this respect. Therefore, it is necessary to introduce reliability analysis in stability analysis of tailing dams.
The phreatic line is one of the most important factors affecting the stability of the tailings dam [17] . The safety factor of stability can increase 0.05 or more while the phreatic line drops 1 m. Therefore, the determination of the phreatic line is one of the most important contents in the study of the stability of tailing dams and also the first problem to be solved.
Therefore, it is of great significance to study the dam failure mechanism and investigate the reliable monitoring technology to predict the potential dam instability according to the monitoring results. In recent years, many experts and scholars did a lot of exploration and research in the above two aspects.
Blight [18] studied the failures of five annular tailing dams in South Africa and concluded that the transport distance of the tailing flow is related to the wet state of the surface, the transport distance of tailing flow is longer in the wet surface than that in the dry surface. In addition, Moxon [19] investigated the tailing dam accident in the Los Frailes mine in southern Spain and proposed a method to prevent the failure of tailing dam. Rico et al. [20] collected the effective information of the historical failure of tailing dam and analyzed and summarized the relationship between the geometrical parameters of the tailing dam and the characteristics of the tailing flow produced by the tailing dam failure. This study has an important practical significance to the analysis of the relationship between the tailing dam failure and the parameters of the tailing dam and also to the evaluation of tailing dam failure.
In the monitoring and early warning of tailing dam failure, based on the support vector regression and the monitoring data of the tailing dam, Li et al. [21] presented a new prediction method for phreatic line. Wang [22] applied the gray theory and support vector machine theory to the prediction of tailing dam displacement and phreatic line based on the monitoring results of tailing dam displacement and the phreatic line, which provided a new method for the stability analysis and reliability prediction of tailing dam. Jiang et al. [23, 24] proposed a general approximate method for the groundwater response problem caused by water level variation, and they also investigated the approximate analytical solution to the Boussinesq equation with a sloping water-land boundary, which can be used to determine the phreatic line under different water levels in tailing dam under the conditions without the measured data of observation holes.
The currently used safety factor method [25] and random reliability method [26] are not effective in solving the problem of real-time stability of tailing dam. The reason is that the safety factor method cannot consider the randomness of parameters; although the random reliability method takes the randomness of the parameters into consideration, but due to the huge workload and high cost of the repeated trial in the actual project, the coefficient of variation is often assumed or obtained by simple calculation and did not take into account the time correlation.
The interval nonprobabilistic reliability analysis methods for structures [27] [28] [29] [30] [31] [32] [33] based on interval theory provide a useful approach to evaluate these uncertainties. Interval values can better reflect the uncertainty of a parameter value when the number of samples is scarce, thus reducing the demand for data information.
Based on the complexity, the randomness, and the parameters uncertainty of the tailing dam, aiming at effectively evaluating the reliability of the tailing dam, the interval nonprobabilistic reliability analysis model of tailing dam is established in two cases, including with and without considering phreatic line conditions. To obtain the most accurate calculation results, the effect of hydraulic force was considered. The direction of hydraulic force and vertical direction is not consistent; it cannot simply apply the treatment of tailing gravity. In fact, the essential of using arc method to analyze the stability of the slope is to consider the relative size of the sliding moment and antisliding moment; the reason why the situation without considering the phreatic line can use the sliding force and resistance is a special case where the sliding force and resistance have an equal arm to the center. Therefore, we replace the sliding force and resistance by the moments of sliding force and resistance. As the location direction of the hydraulic force is easy to determine, the use of moment also simplified the analysis and calculation.
Limit
As shown in Figure 1 , the slope equation ( ) indicates the equation of the tailing dam surface in the vertical projection, which is determined by fitting the coordinates of points in the surface of the tailing dam. The equation of the circular sliding face ( ) is calculated by the Swedish Circle Method. The equation of the phreatic line ( ) is fitted by the measured data of water level in phreatic line observation holes. The area of the part modeled by the phreatic line, the slope, and the sliding face is . The hydraulic force acting on the part is , whose action point is the centroid of the area. The direction of action can be assumed to be parallel with the direction of (as indicated by the arrow in the figure) . The arm of the hydraulic force to the center of sliding face is 1 . ℎ 1 and ℎ 2 indicate the length of the vertical tailings above and below the phreatic line, respectively.
The hydraulic force can be expressed as
where is the hydraulic force acting on per unit volume, is the bulk weight of water, and is the mean value of the water table gradient in the sphere of , which can be assumed equal to the gradient of line .
As to calculating the weight of the section of the tailings, for the part below the phreatic line, the buoyancy of the water should be taken into account when the resistance is calculated, and the saturated bulk density should be used if the sliding force is calculated.
Therefore, the equations for calculating the resistance and sliding force of the tailing dam with the consideration of the phreatic line can be expressed as
If the tailings are divided into infinite vertical sections, (2) can be written as
To simplify the two equations, we note the resistance and sliding force as
where
Therefore, the limit state equation of the tailing dam failure can be written as
This equation can divide the steady statue of tailing dam into three conditions; namely, the tailing dam is reliable if > 0, the tailing dam is in the limit state if = 0, and the tailing dam is unreliable if < 0.
Without the Consideration of the Effect of Phreatic Line on the Tailing Dam.
The tailing dam model without phreatic line is established in the same manner with the model of Section 2.1. As shown in Figure 2 , the slope equation is ( ); the equation of the circular sliding face is ( ). The equations for calculating the resistance and sliding force of the tailing dam without the consideration of the phreatic line can be expressed as If the tailings are divided into infinite vertical sections, (7) can be written as
Interval Nonprobabilistic Reliability Method for Tailing Dam Failure
Uncertainty theory has developed rapidly and has been widely applied in recent years. Ben-Haim et al. [30] proposed the uncertainty convex model to address the deficiencies of the probabilistic model. Subsequently, Guo [32] established a theoretical interval nonprobabilistic reliability model for evaluating the reliability of structures. In this paper, the theory of interval nonprobabilistic reliability is used to analyze the reliability of tailing dams. The interval nonprobabilistic reliability of a tailing dam is defined as the minimum distance of the normalized failure surface from origin of C , and the distance is measured in ∞ norms. = 1 means that the most probable failure point is located on the boundary of failure domain, and the reliability of rock mass structure has reached a critical state. For the case of 0 ≤ < 1, some combinations of uncertain parameters may be out of the reliable domain. The tailing dam cannot satisfy the reliability requirement. When > 1, all possible points of the tailing dam lie into the reliable domain, which indicate that the tailing dam is safe and reliable. To guarantee the safety tailing dam and obtain adequate safety margin, the interval nonprobabilistic reliability can choose to be larger than 1.
The interval values of the shear strength parameters of a tailing dam are [ , ] and [ , ] . Suppose that the interval nonprobabilistic reliability of the tailing dam is . When > 1, the tailing dam is reliable; otherwise, it is unreliable. A larger value of indicates a higher level of reliability. An interval nonprobabilistic reliability solution method should be further established using the method described above to analyze the reliability comprehensively. For the convenience of analysis, according to the interval value standardization method, interval performance equations (6) and (11) are transformed into standard form; namely,
where ( + ) and ( + ) are the interval shear strengths of the tailing dam,
, and , ∈ [−1, 1]. According to the nonprobabilistic reliability theory, the equations of the interval nonprobabilistic reliability for the standardized interval performance function (12a) and (12b) can be solved as
and meet the condition
To establish a method for solving the interval nonprobabilistic reliability , based on previous studies, Jiang et al. [31] proposed a one-dimensional optimization algorithm that Geofluids 5 can effectively avoid interval extension when calculating the complex performance function. The paper will apply this method to solve the interval nonprobabilistic reliability. The specific analysis process is described below.
(1) When considering the failure of a tailing dam, list 2 super radiation lines/ultra-rays that pass through the origin (14) to solve the interval nonprobabilistic reliability; 2 high-order nonlinear equations can be obtained, and the interval nonprobabilistic reliability set { 11 , 12 } can be solved using a numerical method.
(3) The complex solutions are abandoned, and the absolute value of the real solution is selected. The minimum will be the interval nonprobabilistic reliability of the tailing dam. Figure 3 . The tailings consist of tailing medium sand, tailing silty sand, tailing fine sand, tailing mild sand, tailing mild clay, and tailing mud.
Case Studies

A Case Study of the
According to engineering investigation of the tailings dam, the physical and mechanical parameters of the tailing dam are shown in Table 1 . The equation of sliding face crosses the layers of all the six earth species; therefore, the interval values of the shear strength parameters are determined by the minimum and maximum values of internal friction angle and cohesion of the six tailing species. The interval values of the shear strength parameters are shown in Table 2 .
The equation of sliding face can be expressed as
The equation of the slope can be expressed as 
By substituting the known parameters in (5) and (15) 
By substituting the mean value and deviation of and into (20) and using the method introduced in Section 3, the interval nonprobabilistic reliability index can be solved. 
Solve the equation above and the interval nonprobabilistic reliability index was obtained.
The calculated random and fuzzy random reliability are 0.9627 and 0.8534, respectively, which means that the two kinds of reliability indexes are 1.78 and 1.05. The interval nonprobabilistic reliability index is 1.63783. The results suggest that the tailing dam is in a totally reliable status. Actually, the appearance of the dam is in a good condition, without the occurrence of deep or shallow sliding signs, and also no horizontal and vertical cracks are found. The actual situation is consistent with the calculation results, which means that the interval nonprobabilistic reliability model is a reasonable one and can be used to analyze the stability of tailing dam. 
A Case Study for the Tailing Dam of Panzhihua.
The Panzhihua area is located in the southwest earthquake activity area of China, where the basic seismic intensity is 7 degrees. The tailings pond is built through the upstream dam-building method, where the accumulation slope is 1 : 6, the final height of dam is 210 m, the final accumulation elevation is 1300 m, the storage capacity is 0.184 billion cubic meters, and the effective storage capacity is 0.16 billion cubic meters. The requirements for storing up all the tailings of Lanjian iron mine and Zhujiabao iron mine can be satisfied. There are six characteristics of the tailings fill dam, which are the thick front, the fine tail, the thick upper layer, the fine lower layer, the thick western section, and the fine eastern section. Specially, the particle size becomes finer gradually from the slope of tailings fill dam to the inside tailings dam. The tailings are fine when close to the slope of 250 m range. Then, the tailings become silty as the area moves to the ditch.
The tailings in the bottom are mainly silty clay. As for the slope and the crest of the tailings fill dam considered in the vertical direction, the tailings of upper layer of 25-30 m range are fine, the lower layer is the powder clay mostly, and the bottom layer is the clay tailings basically. In the early stage, the particle size of tailings is fine for the areas below the elevation of dam crest. The main reason is that the production and ore-drawing are operated after the build of tailings dam for a period of time; the rainfall water in the front of the tailings dam has an impact on the particle size of tailings. In addition, the ore-drawing in the west side of the tailings dam is operated through single tube when building the third subdam, which caused the particle size of tailings to be fine in front of the auxiliary dam. The cross section map of tailings dam of Panzhihua is shown in Figure 4 , where I, II, III, IV, and V indicate the region of rock fill, fine tailings, powder tailings, clay tailings, and powder clay, respectively. 2.8 × 10 According to engineering investigation of the tailings dam, the physical and mechanical parameters of the tailing dam are shown in Table 3 . The equation of sliding face crosses the regions of III, I,V and V; therefore, the interval values of the shear strength parameters are determined by taking the minimum and maximum values of internal friction angle and cohesion of tailing silty sand, clay tailings, and powder clay. The interval values of the shear strength parameters are shown in Table 4 .
The equations of sliding face can be expressed as ( ) = 109.68 − (100.56
The phreatic line is not considered while calculating the interval nonprobabilistic reliability index because the equations of sliding face and phreatic line have no intersecting point. By substituting the known parameters in (10) and (23) to (25) , the values of 1 , 2 , and 3 can be obtained and are listed below. Table 5 : The advantages and disadvantages of the safety factor, the random reliability, and the nonprobabilistic reliability.
Methods
The considered parameters Advantages Disadvantages
Safety factor
The mean values of the mechanical parameters. Easy to operate. The uncertainty of the parameters is not considered.
Random reliability
The mean values and the probability density functions of the mechanical parameters.
The uncertainty of the parameters are considered; the reliability index and the probability of failure can be obtained.
Large amounts of data are needed to get the probability density functions, which consume much more manpower and material resources.
Interval nonprobabilistic reliability
The interval values of the mechanical parameters.
The interval values of the parameters are easy to get without the need of probability density functions; the reliability index can be obtained.
By substituting the mean value and deviation of and into (28) and using the method introduced in Section 3, the interval nonprobabilistic reliability index can be solved, and the interval nonprobabilistic reliability index was obtained. 
The random and fuzzy random reliability of the tailing dam were also calculated. The results show that the random and fuzzy random reliability are 0.9639 and 0.8555, respectively, which means that the two kinds of reliability indexes are 1.8 and 1.06. The interval nonprobabilistic reliability index is less than those two reliability indexes but bigger than the threshold 1. The results suggest that the tailing dam is in a reliable status. Actually, a serious earthquake with the magnitude of 6.1 occurred in the juncture of Panzhihua and Liangshan on August 30, 2008 . The tailing dam is stable during the earthquake and no crack occurs. It also proved that the established interval nonprobabilistic reliability model is a reliable one. Although the three reliability indexes are all bigger than 1, note that the fuzzy random reliability index and the interval nonprobabilistic reliability index are too close to the threshold 1; the monitoring of the tailing dam should be taken seriously in case that disaster happens.
The safety factor can be applied when the data is sufficient using the mean values of the parameters. However, the uncertainty of the mechanical parameters is not considered. The random reliability is the preferred method when sufficient data are available to describe the uncertainty of the mechanical parameters; the random reliability is heavily dependent on the probability distributions, but a probability density function obtained according to insufficient data is inaccuracy; therefore, the results obtained may be unreliable. The interval nonprobabilistic reliability model is appropriate when there is not a sufficient amount of data to determine the probability density distribution and also the conditions that the data is sufficient. Furthermore, the uncertainty of the mechanical parameters is considered when determining the interval values. The advantages and disadvantages of the safety factor, the random reliability, and the nonprobabilistic reliability are listed in Table 5 .
The established model of the interval nonprobabilistic reliability of the tailing dam provides a beneficial complement to the safety factor and the random reliability method and is not meant to replace them. The interval nonprobabilistic reliability model is appropriate when there is not a sufficient amount of data to determine the probability density distribution. Therefore, a strict data requirement is unnecessary because the uncertainty of the parameter value can be used when there is not a sufficient amount of data.
Sensitive Analysis
To compare and analyze the sensitivity of each interval parameter on the interval nonprobabilistic reliability, make the deviation of parameters 1 and 1 of the tailing dam change 0.002 toward both sides each time based on the previous deviation when calculating the interval nonprobabilistic reliability. The analysis process for the tailing dam of Hengyang can be classified into 2 conditions:
( The relationship between shear strength ( and ) and the interval nonprobabilistic reliability can be obtained through the box chart in Figure 5 (b). From Figure 5(b) , it can be also clearly seen that the interval nonprobabilistic reliability is more sensitive to the change of than to the change of .
To compare and analyze the sensitivity of each interval parameter on the interval nonprobabilistic reliability, make the deviation of parameters 2 and 12 of the tailing dam change 0.002 toward both sides each time based on the previous deviation when calculating the interval nonprobabilistic reliability. The analysis process for the tailing dam of Panzhihua can be classified into 2 conditions:
( (28) ; the corresponding interval nonprobabilistic reliabilities are obtained according to (13) and (14) . The change regulation is shown as solid blue star in Figure 6 (a). A slight change in 2 can change the stability of a tailing dam considerably.
(2) 2 , 2 , and 2 are set as constant values, and 2 is set to 0.0027, 0.0047, 0.0067, 0.0087, 0.0107, 0.0127, 0.0147, 0.0167, 0.0187, 0.0207, and 0.0227. With the same solution as (1), the relationship between 2 and the interval nonprobabilistic reliabilities of the tailing dam is obtained, as the solid red circle shown in Figure 6 (a). From Figure 6 (a), the relationship between 2 and the interval nonprobabilistic reliabilities is found to be a horizontal dependence. By analyzing the values of the parameter 2 we can find that the values of 2 are much less than that of 1 , which resulted in a very small deviation. From Figure 6 (a) we can discover that the changes in 2 have a minor effect on the interval nonprobabilistic reliabilities.
The relationship between shear strength ( and ) and the interval nonprobabilistic reliability can be obtained through the box chart in Figure 6 (b). From Figure 6 (b), it can be also clearly seen that the interval nonprobabilistic reliability is more sensitive to the change of than to the change of .
Conclusions
The phreatic line significantly affects the stability of the tailing dam; a new interval nonprobabilistic reliability measurement and analysis method for tailing dam with the consideration of the existence of phreatic line was proposed based on the interval theory. This proposed method requires the values of the bounds of the uncertain parameters but not their specific distributions. As a result, the initial data requirements are reduced considerably.
The developed interval nonprobabilistic reliability method was used to evaluate the stability of two tailing dams in China. The calculation results of the interval nonprobabilistic reliability are found to be in agreement with actual situations. It is concluded that the interval nonprobabilistic
